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Abstract

A fast Monte Carlo simulation scheme is developed to assess the impact of multiple scattering on
space-based lidar backscattering depolarization measurements. The speci(c application of our methodol-
ogy is to determine cloud thermodynamic phase from satellite-based lidar depolarization measurements.
Model results indicate that multiple scattering signi(cantly depolarizes backscatter return from water
clouds. Multiple scattering depolarization is less signi(cant for non-spherical particles. There are sharp
contrasts in the depolarization pro(le between a layer of spherical particles and a layer of non-spherical
particles. Although it is not as obvious as ground-based lidar observations, it is likely that we can identify
cloud phase not only for a uniform cloud layer, but also for overlapping cloud layers where one layer
contains ice and the other water droplets. ? 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Numerous studies have reported on methods to infer cloud properties from passive radiome-
ter measurements, such as from the moderate resolution imaging spectroradiometer (MODIS)
instrument on the Earth observing system (EOS) Terra platform [1–3]. Infrared cloud properties
include cloud height, cloud thermodynamic phase, optical thickness, and eCective particle size.
However, retrievals of the optical thickness and eCective particle size depend critically on an
accurate determination of the cloud thermodynamic phase. For many cases, such as an optically
thick ice cloud residing at a height near the tropopause or a boundary layer water cloud, deter-
mination of cloud thermodynamic phase is relatively straightforward. There are many cases for
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which accurate determination of cloud phase is problematic. For example, clouds at temperatures
between 240 and 273 K may consist of supercooled water droplets or a mixture of supercooled
droplets and ice crystals (i.e., mixed-phase clouds). Cloud phase determinations also become
diMcult when overlapping cloud layers are present. If the uppermost cloud layer is transmissive,
like thin cirrus, the presence of a lower-level cloud layer can complicate the interpretation of
satellite radiometer data.

For complex cloud scenes, there is room for improvement in the accuracy of cloud ther-
modynamic phase determined from satellite images. One way of evaluating the cloud phase
from passive radiometry measurements is to compare with active sensors. Previous studies have
shown the utility of a depolarization lidar to evaluate cloud phase. These studies have typically
used either surface- or aircraft-based depolarization lidars to investigate this issue [4–9]. In this
study, we investigate the use of a spaceborne depolarization lidar under development of launch
on the PICASSO-CENA platform.

Most lasers generate linearly polarized radiation (I0=Q0; U0=V0=0). For spherical particles,
such as water droplets, the single-scatter backscattering signals are minimally depolarized (�=
(I −Q)=(I+Q)=0 for 180◦ scattering angle) [10] at wavelengths where the hydrometeors have
very little absorption. This is easily explained from the following equation:
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where I; Q;U; V are the elements of stokes vector and Pij are the elements of the phase matrix.
For spherical particles, the elements P11 = P22 and P12(180

◦) = P21(180
◦) = 0. For scattering

angles other than 180◦ and 00, P12 and P21 are not zero.
At backscattering angles, single-scattering from non-spherical particles such as ice crystals

tends to depolarize. The degree to which the light depolarizes depends on particle shape, size
and orientation [10,11]. The depolarization can be explained by looking at the properties of the
scattering matrix at the backscattering angle, where P11(180

◦) �= P22(180
◦).

Because of the signi(cant diCerence in single scattering depolarization, lidar backscattering
depolarization measurements contain useful information for the determination of particle spheric-
ity and thus may be employed to discriminate water clouds and ice clouds [12–16].

When the (eld of view is very small, single scattering dominates [9] in surface-based lidar
measurements. However, backscattering signals from space-based lidar requires better assess-
ment of multiple scattering eCects, especially for relatively dense media such as clouds and
thick aerosols. Multiple scattering eCects increase as the (eld of view increases. For spher-
ical particles, the multiple scattering will depolarize observed radiation in the backscattering
direction.

In this study, we examine the potential of the PICASSO-CENA lidar [17] for the determi-
nation of cloud phase (ice, water, or a mixture of the two) from backscattering depolarization
observations from space. We summarize a fast Monte Carlo simulation scheme in the next
section and present sensitivity studies from model results in the section after.
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2. Analytic fraction trace: a fast Monte Carlo simulation scheme

The statistical concept of our Monte Carlo scheme is similar to the ray tracing technique.
Instead of tracing each photon to determine its path through the medium, we combine the ray
tracing with several analytic estimates to speed up the convergence. Through this method, it is
possible to determine for each photon a probability about whether it will enter the lidar receiver.
The basic procedure of the scheme is as following:

For a group of photons with stokes vector (I0; Q0; U0; V0) and Q0 = I0; U0 = V0 = 0,

1. Find the location of next photon–particle interaction, using the equation: �e||̃r − r̃0|| =
−ln(1 − �). � is a random number with uniform distribution between 0 and 1. �e is the
extinction coeMcient.

2. If the interaction is absorption, or if the location r̃ is outside of the medium, start a new
group of photons and go to step 8; if the interaction is scattering, proceed to the next step.

3. If the new location is inside the lidar (eld of view and within the medium, analytically
estimate the probability that the photons will directly enter the lidar sensor without further
interaction with the medium:
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cos�1 =
cos �scat − cos �inc cos�

sin �inc sin�
; (4)

cos�2 =
cos �inc − cos �scat cos�

sin �scat sin�
; (5)

L(�) =




1 0 0 0
0 cos 2� sin 2� 0
0 −sin 2� cos 2� 0
0 0 0 1


 : (6)

Here � is the scattering angle, ! is the single scattering albedo, O�dish is the solid angle
viewing the lidar aperture from the location of the photon–particle interaction, and �inc and
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�inc are the azimuth angle and viewing zenith angle of the incident light, respectively. The
quantities �scat and �scat are the azimuth angle and viewing zenith angle of the scattered
light, respectively, which is based on the satellite viewing geometry of the location r̃. Oz
is the vertical distance between the location and the top of the scattering medium. �1 is
the angle between the incoming light plane and the scattering plane, and �2 is the angle
between the outgoing light plane and scattering plane [18]. P(�) is the phase matrix, and
L is the rotation matrix.
There are special cases where Eqs. (4) and (5) are singular. When sin� = 0, Eqs. (4)

and (5) are replaced by

cos�1 = 1; cos�2 = 1: (7)

When sin �inc = 0, Eqs. (4) and (5) are replaced by

cos�1 =−cos �inc cos(�scat − �inc); cos�2 = cos �inc: (8)

When sin �scat = 0, Eqs. (4) and (5) are replaced by

cos�2 =−cos �scat cos(�scat − �inc); cos�1 = cos �scat: (9)

4. Rotate the coordinate to laser polarization reference coordinate and add i; q to the lidar signal.
Steps 3 and 4 are our analytic procedures. For each scattering process, as long as there are
enough photons, there is a certain probability of photon scattering directly into the receiver
without further interaction. Calculating this probability analytically signi(cantly reduces the
computational requirements relative to a pure Monto Carlo approach [19–21].

5. Now come back to normal Monte Carlo ray tracing. First, determine the scattering angle
� and relative azimuth angle �r based upon phase function P11, then determine the new
scattering direction � and �.

� is calculated from the accumulative probability of the phase function F(cos�) =∫ cos�
0 P11(�) dcos � as following:

�= cos−1 F−1(�1); �r = 2��2: (10)

Here �1 and �2 are random numbers with uniform distribution from 0 to 1.
� and � are calculated from

�= �0 cos�+
√
(1− �2

0)(1− cos2 �) cos�r; (11)

�= �0 + cos−1 cos�− �0�√
(1− �2)(1− �2

0)
: (12)
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6. Modify the probability of the photon scattering toward direction (�; �) by considering the
state of polarization:
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where Pij are the elements of the phase matrix, L(�1) and L(�2) have the same de(nition
as the elements in Eq. (3).

With enough photons, this procedure yields the same results as for a more conventional
Monte Carlo application which involves a more complicated multi-dimensional linear inverse
mapping procedure that is very time consuming.

7. Replace stokes vector (I0; Q0; U0; V0) by (I; Q;U; V ) from Eq. (13) and return to step 1 until
the group of photons either exit the medium or are absorbed.

8. Start a new group of photons and return to step 1 until the backscattering signals converge.

The depolarization parameter � is determined from a simulated backscattering stokes vector
(i; q; u; v):

�=
i − q
i + q

: (14)

The intensities calculated from the vector model compare very well with the those from
previous scalar Monte Carlo multiple scattering models [21,22].

The Monte Carlo scheme described above can speed up model convergence signi(cantly. Most
photons do not reach the receiver. The chances of a transmitted photon returning to the PI-
CASSO lidar receiver is less than 1 in 10 billion for typical water clouds. The odds of a photon
entering the PICASSO lidar receiver decrease as the optical thickness of the medium decreases.
Conventional Monte Carlo methods are typically straightforward to implement. However, for
space-borne lidar simulation, the speed will be a problem because only a single detection pro-
duced from more than 1010 transmitted photons. After N photons are emitted and traced, the
rms error of result is proportional to

OIerr =± �1√
N × 10−10

; (15)

where �1 is the standard deviation.
The analytic method derived above generates n readings for each photon, where n is the

average number of photon–medium interactions inside the lidar (eld of view before the photon
eventually leaves the medium. After N photons are traced, the rms error of model result is

OIerr =± �2√
n× N

: (16)
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Here the standard deviation �2 is about one order of magnitude smaller than �1, depending on
the single scattering properties of the medium and total cloud optical thicknesses. The analytic
method is at least 105 faster than conventional Monte Carlo methods with convergence to the
same accuracy.

To explain why the results of this method are exactly the same as a conventional Monte
Carlo method, we now consider a simpli(ed case to illustrate the logic of the analytic scheme.

Consider a photon traveling in a special non-absorbing scattering medium as follows:
For each photon entering the medium, the photon is provided three choices for each scattering

interaction: (A) stay inside the medium (probability a) and perhaps undergo multiple scattering
events; (B) leave the medium, but do not enter the receiver (probability b); (C) scatter directly
into the receiver (probability c);

a+b+c=1. If a conventional Monte Carlo procedure is not Pawed, the probability of photon
reaching the lidar receiver after multiple scattering is

Pc =
c

b+ c
: (17)

Application of the analytic approaches in our Monte Carlo scheme will produce results as

Pc = c+ ac+ · · ·+ ak−1c+ · · ·
=

c
b+ c

; (18)

where the kth term of the right hand side is the probability of photon scattering k times (ak−1,
which is the objectives of steps 5 and 6) multiples the probability the photon reaches the
receiver directly without further interaction (c, which is the objectives of steps 3 and 4).

Although the real model is much more complicated, the fundamentals are the same.

3. Model results

This study simulates depolarization of PICASSO-CENA Lidar backscattering at a 532 nm
wavelength. The receiver has a 0:13 mrad (eld of view (FOV). For an anticipated satellite
altitude of 705 km, the diameter of the footprint is anticipated to be approximately 91 m. For
simplicity, we assume that the laser transmitter has a zero divergence.

The phase matrix for spherical particles are computed from Mie theory. We assume a Gamma
distribution to describe the particle sizes with a prescribed more radius and a 10% dispersion.

The improved geometric optics method (IGOM) [23] is used to calculate the scattering prop-
erties of four types of ice crystals: aggregates, hexagonal columns, bullet rosettes with mod-
erate surface roughness, and bullet rosettes with smooth surfaces. In principle, in IGOM the
ray tracing technique is employed to calculate the near (eld on particle surface with inclusion
of complete phase information for the electric (eld. Subsequently, a rigorous electromagnetic
integral equation is applied to map the near (eld to far (eld that can then be used to calculate
single scattering properties. The procedures to de(ne the three-dimensional geometry for the ice
crystals and the surface roughness have been reported previously [24].
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Fig. 1. Depolarization pro(les for various FOV; here the medium is a water cloud layer with %=4; Re=6 �m and
physical thickness 300 m.

For backscattering signals dominated by single scattering, since I0 =Q0; P12 =P21, the depo-
larization can be expressed by

�=
P11 − P22

P11 + P22
: (19)

For spherical particles, P11(180
◦) = P22(180

◦) and thus there is no depolarization (�= 0). This
is not the case for non-spherical particles. For typical non-spherical cloud particles, values of
�=0 as derived from the above equation range from 0:4 to 0:6. Based on this, we can identify
water and ice clouds from lidar depolarization signals.

Lidar instruments with diCerent FOV have diCerent multiple scattering impacts [22]. A re-
duction in the lidar (eld of view will reduce the impact of multiple scattering. But there are
trade oCs because it also reduces the magnitude of the signal and thus reduces the instrument
sensitivity. Fig. 1 shows that in a water cloud, the lidar backscattering signal becomes de-
polarized gradually due to multiple scattering as the pulse moves from cloud top toward the
base of the water cloud layer. The slope of the depolarization decreases with decreasing FOV,
since multiple scattering for a smaller (eld of view contributes relatively less toward the total
backscattering signal.

As opposed to our results for spherical water droplets, multiple scattering plays a less impor-
tant role in the depolarization from non-spherical ice particles (see Fig. 2). The � value varies
less than a few percent from the region dominated by single scattering (top of the cloud layer)
to the region dominated by multiple scattering (bottom of the cloud layer).

The depolarization pro(les vary for diCerent ice particle shapes (see Fig. 2), but the diCerence
is due primarily to diCerences in the single scattering �. The depolarization pro(les display
little sensitivity to particle size (Fig. 3) for particles with rough surfaces, except for very small
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Fig. 2. Depolarization pro(le diCerences between spherical particles and non-spherical particles with diCerent shapes.
The optical depth of the medium is 4 and the physical thickness is 300 m.

Fig. 3. Depolarization pro(le diCerences for non-spherical particles with the same shape but diCerent maximum
dimensions (sizes). The optical depth of the medium is 4 and the physical thickness is 300 m.

particles. For small particles with smooth surfaces, depolarization is very sensitive to the size
parameter [25] and such sensitivities are used for separating diCerent types of PSCs [26].

Multiple scattering tends to depolarize backscattering signals from spherical particles and may
create diMculties in identifying cloud phase for overlapping cloud layers. Fig. 4 indicates the
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Fig. 4. Depolarization pro(le diCerences for two types of overlapping clouds (ice over water, water over ice). The
optical thickness of the upper layer is 1 and the physical thickness is 75 m. The optical thickness of the bottom
layer is 3 and the physical thickness is 225 m.

possibility of discriminating a layer of spherical particles overlaying a layer of non-spherical
particles, if we compare the discontinuities and slopes of every piece of a depolarization pro(le.
The value of � for a layer of water cloud particles initially has a small value that increases
gradually with distance through the cloud, while for a layer of ice particles, � starts at a
relatively large value that increases more slowly toward cloud base.

4. Summary

Ground-based lidar backscattering depolarization signals have been shown to contain useful
information about particle sphericity and thus help to identity cloud phase (water and ice). This
sensitivity study is a (rst step toward answering the question: can space-based lidar backscat-
tering depolarization information also be used to identify cloud phase.

To answer this question, a Monte Carlo simulation scheme is proposed that incorporates
various analytical techniques to increase convergence speed.

Results of this study of the PICASSO-CENA satellite Lidar are

• For spherical particles, such as water cloud droplets, the backscattering signal gradually de-
polarizes toward cloud base because of a multiple scattering eCect. The eCect is very diCerent
from ground-based lidar, for which the (eld of view are small and multiple scattering eCects
are relatively less important.

• For non-spherical ice cloud particles, most of the depolarization comes from single scattering.
Multiple scattering causes the depolarization to increase toward cloud base more slowly than
for water cloud layers.



578 Y.-X. Hu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 70 (2001) 569–579

• Depolarization for ice cloud is more sensitive to particle shapes than particle sizes.
• By studying the discontinuities and the slopes of depolarization pro(les, it is possible to
identify overlapping clouds containing opposite thermodynamic phases (i.e., where one layer
is ice, the other water) and estimate particle sphericity within each layer.

One assumption employed in this study is that spherical particles are likely to be indicative
of water clouds while non-spherical particles are indicative of ice clouds. For some cases,
such as dense smoke and dust layers, this might lead to an incorrect conclusion, because that
aerosol particles are not always spherical. Additional theoretical studies of absorbing aerosols
and smokes are in progress. Other information, such as the ratio of 532 and 1064 nm backscatter,
measurements from passive remote sensing instruments, and in situ measurements, are needed
to reduce the ambiguities of determination.

The purpose of this study has been to investigate the eCect of multiple scattering on the
depolarization of lidar backscattering, which we anticipate will be signi(cant for space-borne
lidar measurements of cloud layers. More modeling simulations are needed, including testing
the code for various types of scattering mediums, comparisons with other observations, and
intercomparisons with other similar models.
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